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ABSTRACT 


With the growing interest in renewable energy resources, a various number 
of studies and development for photovoltaic (PV) systems have investigated 
to satisfy global needs in energy. The larger interest in PV resources has 
increased request for suitable apparatus with which to test PV systems. This 
paper deals with the design of an indoor PV source emulator using an actual 
PV panel to facilitate PV system testing under real environment conditions. 
A low-cost Arduino Mega256 microcontroller-based data acquisition system 
(DAQ) approach has been developed to collect the data in term of voltage, 
power and current based on different levels of light intensity and temperature 
as well as under partial shading conditions. Hence, the proposed system is 
not just a solar emulator but it’s a complete solar emulator-DAQ system that 
can emulate the sunlight and monitor the PV parameters and then collect and 
store the data for further research investigation. The proposed monitoring 


system provides real time update of the solar panel characteristics at any time 
in the year without relying on the weather changes. This data acquisition 
system will be of superior interest for undergraduate and graduate students as 
it is both open-source and flexible. The details design of the proposed PV 
solar emulator and data logger and its implementation are described. 
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1, INTRODUCTION 

The enormous global energy consumption and the predictable depletion of traditional resources are 
mainly behind the growing interest in the sustainable and environmentally friendly means of generating 
electricity such as solar energy. Renewable energy resources, particularly solar PV, are good alternatives. 
Unfortunately, the cost of photovoltaic modules has not so far been reduced enough to achieve global parity 
without subsidies. Low efficiency of existing solar power supply systems, without MPPT systems, may 
require nominal capacity for installation that makes solar PV expensive. Thus, it is always necessary to track 
the maximum energy from the solar panels to harvest all available energy from the cell. For example, failure 
to track a maximum global power point (MPP) under partial shading conditions is one of the main causes of 
large power loss. If one wants to find the MPP from the solar panel source, it should be working at different 
weather conditions to obtain the required data [1-3]. To test and evaluate these MPPT systems at any time in 
the year without relying on the weather changes, solar array emulator is, in fact, a necessary so that can 
replicate the characteristic of the real solar array. The PV emulator is required to emulate the sunlight so that 
the test circumstance is workable, controllable, and reproducible. The solar emulator can be used to emulate 
the sun irradiation indoor so that obtain the power-voltage curve of the PV that is required to determine the 
MPP. This is consequently results in accelerate of prototyping required for the greater integration of 
photovoltaic technology in the world. 
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There are several methodologies for designing solar panel emulators [4-21]. Some emulators are 
commercially available at significant cost which are designed for power rating higher than may be required. 
The source output of the solar panels can be emulated in the form of the typical Thevenin source, a source of 
DC voltage connected in a series with resistance, as shown in Figure | [7]. Series resistance is consisting of 
two equal sections, the first series resistance used to simulate the unexpected environmental change by 
connecting a switch across it. The P-I characteristics based on this method is demonstrated in Figure 2(a), 
which is compared with P-I curve of the real PV panel, as shown in Figure 1(b). This type of emulator has 
many limitations such as that it can be considered a good approximation method to represent the P-I PV 
curve around MPP only. In addition, the veritable characteristics of a PV panel cannot represent accurately 
through only changing the series resistance. Moreover, the Thevenin source emulator is unable to detect the 
occurrence of partial shading. 

In [3], a constant current power source with I-V characteristics similar to a PV panel has been used 
to emulate the PV source, as shown in Figure 3. However, this emulator causing a multiple local maximum in 
PV properties and it would be tricky to emulate partial shading conditions. 

In [11-15], the PV emulator was used by irradiating the physical PV panel using a solar emulator. 
The solar emulator is a device composed of a set of electric light bulbs arranged so that the level of radiation 
is distributed on the PV panel uniformly. If this emulator has been designed so that the PV panels are placed 
within the dimensional capacity of the irradiance of the solar emulator, different tests can be carried out [6]. 
This type of solar emulator will shows an actual dynamics behavior of the PV system because of its real 
internal capacitance. Therefore, realistic test results can be obtained. On the other hand, monitoring systems 
are required for recording of a large number of PV parameters such as temperature, radiation, voltages, 
currents, etc. These systems commonly known as data loggers. However, the devices used to collect data are 
expensive and require various hardware and software components. In addition, typical data recorders do not 
match the type of sensors that should be measured well for accuracy and insufficient input channels to deliver 
specific sensors, such as in the case of thermal sensors or digital sensors. 

These problems and constraints, in terms of cost and technological capabilities, prompted us to 
design and develop a solar emulator with data acquisition system (DAQ) at low-cost and with a flexible 
design. The main objective of the developed system is to 1) facilitate the research work related to MPPT 
techniques in indoor environment, 2) capable of emulate the real IV characteristics of PV in addition to 3) 
monitoring PV parameters using low-cost Arduino microcontroller that based low-cost sensors to monitor the 
important PV parameters. 
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2. DESIGN REQUIREMENTS OF SOLAR EMULATOR 
The design of the proposed indoor emulator system has been based on a number of the requirements 

that are considered in this section: 

a. The emulator must have the equivalent or comparable range as that of the sun, in any event over the scope 
of interest where top affectability of PV cells 1s accomplished. 

b. For STC condition, the solar emulator should have an output ability of irradiance level up to 1000W/m’. 

c. Have atest plane zone sufficiently large to suit no less than one PV board. Have uniform dissemination of 
light over the entire territory of the PV board. In the event that the light isn't consistently distributed, it is 
comparable to an incomplete shading condition, which will cause bending of the I-V qualities and may 
result in unintended different nearby maxima. 

d. Keep up a temperature inside a specific range. It is preferred to keep up the PV cell temperature at STC 

e. Be capable of emulating partial shading conditions. 

f. Be affordable. The expense to build a solar emulator custom fitted to analysts' unique needs must be 
inside the (restricted) spending plan of the researcher. 

g. Develop a low-cost way to measure the illumination intensity at different irradiance levels. 


3. ASSEMBLED PROPOSED PROTOTYPE OF A SOLAR EMULATOR-DAQ SYSTEM 

The proposed low-cost portable solar emulator-DAQ system is presented in this section. Figure 4 
shows the block diagram of the developed solar emulator-DAQ system. The design of this system based on 
the requirements listed in section 2. The embedded processor board manages other boards, voltage sensors, 
temperature sensors, light sensors, current sensors and PC connectivity through the use of multiple data 
protocols based MathWorks Simulink. The interface connection between simulation model and embedded 
processor that used to capture the data and then read and store them is illustrated in Figure 4 (Bottom Block). 
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Figure 4. Block diagram of the developed solar emulator-DAQ system 





3.1. Selecting the lamp type 

Sunlight spectrum changes with time and area. Its covers a wide spectrum range from bright 
(~10nm) to the far infra-red (~1,000 u m). To permit assessment and comparison of the performance of 
various photovoltaic gadgets, standard spectra have been created, as appeared in Figure 5 [15]. Contrasted 
with power LEDs, halogen lights are less effective however a lot less expensive and offer at present more 
selections in models, wattage and optical attributes. Considering the affectability scope of PV cells, halogen 
lights can be a decent option in contrast to sunlight as a light source to enlighten PV modules. Subsequent to 
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looking at iridescent power, productivity and cost of different lights, 400W halogen lights were picked for 
further examination as appeared in Figure 6. 


—— AM1.5 Global (ASTMG173) 
—— AM1.5 Direct (ASTMG173) 
—— AMO (ASTM E490) 


Spectral Irradiance (W m” nm) 





Wavelength (nm) 





Figure 5. Standard solar spectra [6] Figure 6. Halogen lamp with stand 


3.2. Selecting the solar panel 

As shown in Figure 7, 10 Polycrystalline Silicon solar panels is selected which can be used to 
connect the solar panels in different connections and for estimating voltage and current as an element of the 
solar irradiation. The open circuit voltage for each panel is equal to 6V while the short circuit current is up 
tol00mA. The specifications of the used solar panel are listed in Table 1. 





Figure 7. Polycrystalline silicon solar panel 


Table 1. Specification of the employed solar panel ((Test condition: 1000W/m7, 25°C)) 


Parameters Specifications 
Maximum voltage V 6V 
Maximum current A O.1A 

Open circuit voltage V 6.9V 
Short circuit current 0.12A 
Cells diminutions 119.8x37.8mm 
Maximum Power W 1W 


a. Mechanical and electrical design 

To acquire the standard state of 1000 W/m7?, the zone lit up by the halogen light should cover all the 
10 solar panels without shading. The area of each panel is equal to 119.8x37.8mm, which means the 
illumination area should be equal to 10 x (119.8 x 37.8) mm. Figure 8 illustrated how the illumination should 
be distributed over the solar panels, where the halogen light is considered a light source point. The distance 
between the lamp and illuminated area can be given as [14]: 
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where r: radius of the illuminated area, B: the angle of the light. 

At center of the illuminated area, where B equal to 0°, 1000W/m/ irradiance level can be achieved 
for d roughly equivalent to 40cm. A plastic box with dimensions of (604011) in cm has been selected to 
design the proposed emulator. All the panel are fixed on the top of the box where aluminum stand is used to 
fix the halogen lamp as shown in Figure 6. 


light source 





Figure 8. Illustration of illumination 


A 220V dimmer are used, as shown in Figure 9, so that the light intensity changes in order to 
simulate in the indoor the impact of the sun oriented illumination in the distinctive hours of the day. 
b. Cooling System 

To obtain the PV voltage-current characteristics at standard temperature, a cooling system has been 
designed using two 12V, 0.22A DC Fans, as shown in Figure 10. The required power for them are delivered 
through 12V 1.5A electric charger. 





Figure 9. Dimmer light intensity regulator Figure 10. Fan cooling system 


4. DATA ACQUISITION SYSTEM 

Data acquisition systems is the way toward examining signals that measure true physical conditions 
and changing over the subsequent samples into digital numeric qualities that can be controlled by 
a PC [16, 17]. Normally convert analog waveforms into computerized values for processing. The proposed 
DAQ system composed of the following components: 
Light sensor: 
Temperature sensor 
Current Sensor 
Voltage sensor 
Signal conditioning circuitry to convert sensor signals into a form that can be converted to digital values. 


ener 
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f. Microcontroller to obtain and record the required data from the solar emulator (Arduino Mega has been 
used to implement the data acquisition monitoring system to obtain and record the required data from the 
solar emulator.). 

g. Software programs to be used as data loggers (Matlab/Simulink has been developed to collect and record 
the required data in the data logger system). 

Table 2 listed the specification of the used sensors in the developed emulator. Figure 11 shows the 
whole indoor simulator with DAQ hardware set-up. 


Table 2. Specification of the employed sensors 


Sensor Type Specifications 
BP 104S Silicon PIN Photodiode: ¢ Dimensions (in mm): 5.4 x 4.3 x 3.2 
High speed detector for infrared ¢ Radiant sensitive area (in mm2): 7.5 
radiation ¢ Daylight blocking filter matched with 940 nm emitters 


¢ Angle of half sensitivity: 6 =+ 65° 
* Reverse voltage: 60V 
LM35 Precision Centigrade * Operates From 4 V to 30 V 
Temperature Sensors ¢ Less Than 60-yA Current Drain 
* Low Self-Heating, 0.08°C in Still Air 
¢ Rated for Full —55°C to 150°C Range 
ACS712 Hall Effect Current Sensor * 66 to 185 mV/A output sensitivity 
¢ 2.1 K Vrms minimum isolation voltage 
¢ Total output error 1.5% at TA = 25°C 





Figure 11. Indoor simulator with DAQ hardware set-up 


4.1. Light and temperature sensors 

To measure the light intensity, BP 104S photodiode is used as light sensor. This device is a 
photodiode which has a spectral sensitivity range of 400-1100nm. Its light-sensitive area is exceptionally 
little (2.2mm by 2.2mm) and the thickness is just 1.2mm. This light sensor has a very low current, thus it 
should be amplified through separate amplifier board for exact light estimations. Figure 12(b) shows the 
designed amplification circuit, where the resistance Rr is added to adjust the calibration of the photodiode 
detector. The ambient air and PV module temperatures are measured using LM35 integrated circuit sensor. 
This sensor is compatible with the Arduino board with an electrical output proportional to the temperature 
(in °C). The photodiode and temperature sensor was mounted in the center of the emulator board as shown in 
Figure 12(a). 
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Figure 12. a) Position of temperature and light sensors, b) Amplification circuit of the photodiode detector 
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4.2. Current and voltage measurement 

The measurements are the most basic part of the DAQ system. It is imperative that the 
measurements should be possible with a decent precision, so better proficiency can be accomplished toward 
the end. The analogue input pins from the used microcontroller board accept voltage between 0 to 5V, hence 
the sensors output must be scaled to this acceptable limits. To trace the I-V curve of the PV module using the 
DAQ system the PV current and voltage should be measured. The terminal current is taken using AC712 
hall-effect current sensor with a resolution of 0.185 mA and output error of 1.5%. For PV voltage 
measurements voltage divider with Rj=20k ohm and R2=10k ohm are used. A 4.7V Zener diode are added to 
protect the ADC of the microcontroller. Figure 13 shows the Arduino microcontroller connected with signal 
conditioning units. 





Arduino 2 oa 





Figure 13. Arduino with signal conditioning units 


4.3. Data logger 

The required data to obtain the V-I and P-I curve of the PV system under different irradiance and 
temperature levels are acquired using Arduino Mega 2650 based on automatic code generation facilities 
provided by the MathWorks Simulink. Figure 14 shows the developed DAQ system based on Arduino 
Matlab-Simulink support package. The voltage, current, temperature and light intensity are acquired and then 
rescaled to obtain the real data of the PV solar emulator. 





Figurel4. Arduino Matlab-Simulink DAQ system 


5. OFF-LINE AND ON-LINE PV CHARACTERISTICS 

Different tests have been done to plot the V-I characteristics of the solar cell. The test was to find 
the characteristics of the single and multi-parallel solar cell connections. Figure 15(a) show the V-I and P-V 
characteristics of single solar cell for two different light intensities (at 200w/m? and 800 w/m’ see 
Figure 16(a)), while Figure 15(b) show the V-I and P-V characteristics of 10 solar cells connected in parallel 
for two different light intensities for roughly constant temperature level which is monitored using DAQ 
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system as shown in Figure 16(b). The V-I data of PV panel monitored by the Arduino data logger for 


different load changes and at different irradiance are shown in Figures 17 and 18 respectively. 
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Figure 15. a) I-V and b) P-V characteristics of single and multi-solar cells connections 
for different solar irradiance intensity 
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Figure 16. Acquired data using proposed DAQ system, (a) Irradiance data, (b) Temperature 
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Figure 17. I-V characteristics of solar cells parallel Figure 18. PV voltages measured by proposed DAQ 
connections measured by proposed DAQ system at different light intensity 


6. CONCLUSIONS 

A controllable consistent state solar emulator has been planned and built utilizing of an halojen light 
together with a low-cost portable data logger based on an open-source microcontroller programmed based on 
Arduino Matlab interface package. The halogen light has been installed with the goal that uniform dispersion 
of brightening to the PV panel(s) can be accomplished. The light intensity can be changed through using a 
dimmer regulator. This prototype emulator is an exceptionally valuable facility for the trials to get the actual 
PV attributes at various conditions and can also be used to facilitate the research work in the field of MPPT 
techniques. To enhance and monitor the performance of a PV system, data acquisition systems has been 
designed and implemented. The collected data that obtained by monitoring the PV parameters, such as 
voltage, current, temperatures and irradiances are fed to the computer via the Arduino Mega256 and acquired 
using a Matlab environment for analysis. The control interface has been developed by utilizing Arduino- 
Matlab Target Package software. 
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